Although interfaces mediating protein-protein interactions are thought to be under strong evolutionary constraints, binding of the chemotaxis histidine kinase CheA to its phosphorylation target CheY suggests otherwise. The structure of Thermotoga maritima CheA domain P2 in complex with CheY reveals a different association than that observed for the same Escherichia coli proteins. Similar regions of CheY bind CheA P2 in the two systems, but the CheA P2 domains differ by an Ϸ90°rotation. CheA binds CheY with identical affinity in T. maritima and E. coli at the vastly different temperatures where the respective organisms live. Distinct sets of P2 residues mediate CheY binding in the two complexes; conservation patterns of these residues in CheA and compensations in CheY delineate two families of prokaryotic chemotaxis systems. A protein complex that has the same components and general function in different organisms, but an altered structure, indicates unanticipated complexity in the evolution of protein-protein interactions and cautions against extrapolating structural data from homologs.
I
t is generally accepted that residues involved in functional protein-protein interactions are more stringently conserved across protein families than other surface residues that are not under the constraint of maintaining molecular recognition (1) (2) (3) (4) (5) . Structure-informed sequence analyses (1, 2, 4 -9) and experiment (10 -13) demonstrate that interaction surfaces of protein partners coevolve. It is then reasonable to expect that related proteins will conserve a mode of association with their conserved binding targets. Indeed, this is often the case when comparing structures of complexes composed from homologs (7, 9) .
In Escherichia coli chemotaxis, the most extensively characterized chemotaxis system, transient protein-protein interactions propagate changes in extracellular chemical concentrations to flagellar activity (for reviews, see refs. [14] [15] [16] [17] [18] . At the center of this so-called ''two-component'' signaling pathway is the cytoplasmic histidine kinase CheA and its substrate, the response regulator CheY. In response to changes in receptor occupancy, homodimeric CheA uses ATP to autophosphorylate a conserved histidine residue on its phosphotransferase domain. The phosphoryl group is then transferred from this histidine to a conserved aspartyl residue on the response-regulator protein, CheY. Phosphorylated CheY interacts directly with the FliM protein of the flagellar motor and thereby affects swimming behavior. In addition to CheY, CheA may also phosphorylate the response regulator domain of the methylesterase CheB. CheB functions in mediating adaptation to constant levels of attractant or repellent.
Of the five domains that comprise CheA (P1-P5) (19, 20) , P1 and P4 produce the kinase activity that transfers phosphate from ATP to the P1 histidine. P2 docks response regulators for interactions with P1. P3 dimerizes the CheA subunits and P5 mediates CheW binding and receptor coupling. Herein we report the crystallographic structure of the complex between Thermotoga maritima CheA P2 domain and CheY at 1.9-Å resolution. The interface formed between the T. maritima proteins differs considerably from that previously seen for the homologous E. coli proteins (21) (22) (23) . This is surprising given that CheA and CheY are well conserved throughout a wide range of chemotactic bacteria and that their association is essential for signaling (24) .
Methods
Protein Preparation. The genes encoding T. maritima full-length CheA, domains P1-P2 (residue 1-264), and CheY were PCR cloned into the vector pET28a (Novagen) and expressed with a 6-Histidine tag in E. coli strain BL21 (DE3) (Novagen). Using Terrific Broth (Difco) as the medium and kanamycin (25 g͞ ml), the proteins were purified as described (19) . His tags were removed by thrombin digestion. After concentration by centrifugation (Amicon), the CheA and CheY proteins were mixed at an Ϸ1:2 ratio (dimeric CheA:CheY) and run on a Superdex200 26͞60 sizing column. The elution profile gave two major peaks that represented the CheA-CheY complex and free CheY. The high molecular weight complex was concentrated to Ϸ30 mg͞ml in gel filtration buffer (50 mM Tris, pH 7.5͞150 mM NaCl).
Crystallization and Data Collection. Initial conditions for growing of the CheA P2-CheY complex crystal were found in commercial screening solutions (Hampton Research, Riverside, CA) after 1 month at room temperature. Crystals of the CheA P2-CheY complex grew by vapor diffusion against a reservoir of 25-30% polyethylene glycol 12 K and 0.1 M Hepes, pH 7.5. SDS͞PAGE confirmed CheY had crystallized with a 17-kDa proteolytic fragment of full-length CheA. Diffraction data were collected under a 100 K nitrogen stream at the Cornell High Energy Synchrotron Source beamline (F2) on a chargecoupled device Quantum detector, by using a cryo protectant of reservoir solution and 5% glycerol. Crystals belong to the space group P2 1 2 1 2 and contain one CheA P2 domain complexed to one CheY molecule per asymmetric unit. Data were processed by DENZO and SCALEPACK (25) .
Structure Determination and Refinement. The position of the T. maritima CheY protein was determined by molecular replacement with free CheY as a search model [Protein Data Bank (PDB) code: 1TMY] by using EPMR (26) and diffraction data from 4.0-to 25.0-Å resolution (correlation coefficient ϭ 0.416, R factor ϭ 0.518). The automated refinement software ARP͞ WARP (27) improved the electron-density map, into which the CheA P2 domain was constructed. The final model (CheY residues 2-119 and P2 residues 176-260) was built manually with XFIT (28) and further refined with CNS at a resolution of 1.9 Å (Table 1) .
Isothermal Titration Calorimetry (ITC).
To determine precise extinction coefficients (), BCA assay (Pierce) and reductent compatible͞denaturent compatible assay (Bio-Rad) were used with BSA and cytochrome c standards for P1-P2 (M r ϭ 32.9 kDa) and CheY (M r ϭ 13.2 kDa). 280 values for P1-P2 domain (9,700 M Ϫ1 ⅐cm
Ϫ1
) and CheY (6,500 M Ϫ1 ⅐cm
) were taken as averages from both assays. Calorimetric measurements were carried out by using a VP-ITC titration calorimeter (Microcal, Amherst, MA) at temperatures of 18-70°C. Before titration, samples of P1-P2 and CheY were dialyzed against gel filtration buffer supplemented with 10 mM DTT. At temperatures between 25°C and 35°C, we observed a minor secondary interaction site of TP2 on T. maritima CheY (TCheY). In this temperature range, the reported thermodynamic values are for the major interaction site, which has thermodynamic parameters that correspond to the only site at physiological temperatures. Thermodynamic parameters were determined with the ORIGIN software package (Microcal). A positive change in heat capacity (⌬C p ) was estimated in a limited temperature range from the slope of change in enthalpy (⌬H) versus temperature.
Results and Discussion P2 Domain Structures. NMR and crystallographic studies have shown the E. coli CheA P2 domain (EP2) to be an open-face ␤-sandwich with four antiparallel ␤-strands packed against two antiparallel helices ( Fig. 1) (21-23, 29 ). The T. maritima CheA P2 domain (TP2) shares the topology of EP2, but TP2 has a helical insertion ␣Ј and a larger loop between ␤2 and ␤3, as well as a larger loop between ␤1 and ␣1 (Figs. 1 and 2a) . Despite significant overall sequence identity between the T. maritima and E. coli full-length CheAs (34%), there is little sequence identity (Ϸ10%) between the two P2 domains. In fact, P2 is the least conserved domain of the CheA protein (30) . Nevertheless, the E. coli and T. maritima proteins show significant structural *Rmerge ϭ ͚͚j ͉Ij Ϫ ͗I͉͚͚͘͞j Ij. † R factor ϭ ͚(͉Fobs͉ Ϫ ͉Fcalc͉)͚͉͞Fobs͉. ‡ R factor for 10% of the reflections selected at random and excluded from refinement. equivalence in the peptide backbone of their central ␤-sheets and two ␣-helices (Fig. 1) . 3 and 4) . Consequently, the P2 residues binding CheY in the two complexes differ in sequence, position, and type (Fig. 2) . In contrast, two CheY residues central to both interfaces have the same sequence position but are of different type: ECheY Gly-105-Tyr-106 and TCheY Asp-100-Phe-101 (Fig. 2) . In both complexes, the two proteins associate along their respective helical faces to orient CheY so that its phosphate-accepting Asp-57 residue projects away from the P2 interface for interaction with phosphorylated P1 (Fig. 3) . However, in the E. coli complex, the ␣4-␤5-␣5 region of CheY runs perpendicular to P2 helices ␣1 and ␣2 (21, 23), whereas in the T. maritima complex, CheY ␤5 inserts between and runs parallel to P2 helices ␣1 and ␣2 (Fig. 3) . The two interfaces also differ in the details of their intermolecular contacts, yet retain similar overall chemical compositions (Fig. 4) . The P2-CheY complex of T. maritima buries more solvent-accessible surface area (1,506 Å 2 ) than the E. coli complex [1,214 Å 2 , PDB code: 1FFG (22)], primarily due to the rotated orientation and larger size of the TP2 domain. The compositions and areas of both buried surfaces are typical of those found in transient heterodimers (2, 3) . Interprotein interactions include 5 hydrogen bonds, 7 hydrophobic contacts and one stacking for the T. maritima complex, and 11 hydrogen bonds and 6 hydrophobic contacts for that of E. coli (Fig. 4) . The amount of hydrophobic buried surface area in the TP2-TCheY complex (852 Å 2 , 56%) is larger than, but the same proportion as, that buried in EP2-ECheY (685 Å 2 , 56%). The higher surface complementarity (34) of the TP2-TCheY interface (Sc ϭ 0.82) compared to that of EP2-ECheY (Sc ϭ 0.73) even exceeds complementarity of interfaces formed by high-affinity protein͞ protein inhibitor complexes (Sc ϭ 0.72-0.76) (34) . Such complete meshing of TP2 with TCheY may relate to the thermostability of this interaction (see below).
Central hydrophobic contacts and peripheral hydrogen bonding interactions stabilize the interfaces of both complexes (Fig.  5) . At the center of each interface, the P2 proteins provide a pocket for the insertion of a conserved aromatic residue: Tyr-106 in ECheY and Phe-101 in TCheY (Fig. 4) . ECheY phosphorylation reduces the affinity of CheY for P2 by favoring rotation of Tyr-106 away from the P2 interface and into an internal conformation (35) . Within the EP2-ECheY complex, Tyr-106 hydrogen bonds to EP2 ␣1 residues Glu-178, and His-181. ECheY Gly-105 allows Tyr-106 to contact EP2 Phe-214 (EP2 ␣2) edge on (Fig. 4b) . In TCheY, Phe-101 replaces ECheY Tyr-106 and also may serve to couple changes in CheY phosphorylation to destabilization of the TP2 contact (31). Four residues on TP2 ␣1 encapsulate TCheY Phe-101 and fix the rotated orientation of TP2 relative to TCheY: Ala-194 and Arg-195 stack with the phenyl ring, whereas Leu-191 and Leu-198 enclose the ring edges. A buried salt bridge between TCheY Asp-100 and TP2 Arg-195 anchors the insertion of Phe-101 into the pocket provided by TP2 ␣1. In both the E. coli and T. maritima complexes, hydrophobic interactions between CheY ␣4 and the side of P2 ␣1 further sequester the binding pocket for Phe-101͞Tyr-106. Interprotein hydrogen bonds peripheral to these central interactions primarily involve the C-terminal region of P2 ␣2 but have different residue composition in the two complexes (Fig. 2) .
Interestingly, the interaction between TCheY and TP2 ␣1 mimics the interaction of ECheY with a 16-residue helical peptide from N terminus of the E. coli flagellar switch protein FliM (33) . Superposition of the TCheY-TP2 complex with the ECheY-FliM peptide complex reveals that TP2 ␣1 and the helical FliM peptide bind the same ␣4-␤5 region of TCheY and ECheY, respectively (Fig. 6 ). This site on ECheY contains the Phe-101 (Tyr-106) residue that changes from an external to an internal position in response to CheY phosphorylation (35) . Due to sequence differences on the TP2 and FliM helices, TP2 ␣1 binds unphosphorylated TCheY with Phe-101 externalized, whereas the FliM peptide binds phosphorylated ECheY with Tyr-106 internalized. T. maritima FliM (FliM) conserves 14 of the 16 residues found in the E. coli FliM peptide. Thus, in T. maritima and related organisms, binding targets of CheY may contain a relatively simple structural determinant on a conserved helical motif to discriminate phosphorylated from unphosphorylated CheY.
Thermodynamics of CheA-CheY Binding. ITC was used to investigate whether the altered orientation of the T. maritima CheA P2-CheY complex correlates with a change in the thermodynamics of binding. As in previous experiments with the E. coli proteins (36), binding titrations were carried out between CheY and a monomeric fragment composed of CheA domains P1 and P2. At 28°C, the dissociation constants of the E. coli and T. maritima complexes (1.3 and 0.2 M, respectively) are similar to each other and are lower than the cellular CheY concentration in E. coli [8 M (37) ]. The comparable affinities at 28°C were unexpected because there is an Ϸ40°difference in the temperatures where the two sets of proteins function and both binding constants are likely to be temperature dependent. A positive value for ⌬C p is expected with an increase in exposed hydrophobic surface area upon complex dissociation (38 for EP2-ECheY). Nevertheless, the TP2-TCheY K d is relatively temperature independent because of significant temperature dependence in ⌬C p itself (Fig. 7) . This results in essentially equivalent affinities of CheA for CheY in E. coli and T. maritima at the respective temperatures where each organism lives (37°C and 80°C, Table 2 ). We tested the binding of TP2 to ECheY and to ECheY in which the two central interface residues were mutated to their correspondents in TCheY (ECheY Tyr-106-Phe, Gly-105-Asp) and saw no detectable interaction in either case.
The similarity in CheA P2-CheY binding affinities for T. maritima and E. coli at all temperatures investigated rules out the possibility that the structural divergence between them derived from an adaptation to a different temperature range. Furthermore, most of the P2 residues involved in CheY binding are conserved by a subfamily of chemotactic bacteria, many of which are not thermophiles. 
P2-CheY Interactions Delineate Two Families of Chemotaxis Proteins.
PSI-BLAST searches (40) of the available bacterial genome sequences for P2 homologs reveal at least two distinct families of CheA proteins. The first family, exemplified by E. coli CheA, conserves P2 residues involved in binding CheY with the orientation shown by the E. coli CheA P2-CheY structure (Fig. 2) . The second family of P2 proteins, exemplified by Bacillus subtilis and T. maritima, conserve residues involved in binding CheY with the orientation shown by the T. maritima CheA P2-CheY structure. In all, 23 organisms were found by nested BLAST searches that contained both CheA P2 and CheY homologs: 8 in the E. coli family and 15 in the B. subtilis family (Fig. 2) . The CheY partners in these organisms also conserve the residues required to distinguish the two orientations of binding. From this collection of sequences, the B. subtilis family appears to be more widespread and includes examples from Archaea. Importantly, organisms that are not thermophiles have CheA P2 domains predicted by sequence conservation to bind CheY in the T. maritima mode. (Fig. 2) .
Despite conserving many chemotaxis proteins between them, E. coli and B. subtilis show differences in their mechanisms of chemotaxis (41) . In both organisms, phosphorylated CheY (CheY-P) directly affects translocation by mediating changes in the direction of flagellar rotation, and an increase in attractant concentration increases the probability of smooth swimming. However, this response results from a decrease in CheY-P in one case (E. coli) and an increase in CheY-P in the other (B. subtilis) (42) . T. maritima belongs in the B. subtilis chemotaxis family based on its complement of chemotaxis proteins and the extent of sequence similarity of these proteins to their homologs in B. subtilis. Given that CheA appears to have opposite regulation with respect to attractant in E. coli and B. subtilis, it may be significant that the P2 domain of CheA binds CheY differently in T. maritima (a member of the B. subtilis family) than in E. coli. T. maritima and B. subtilis also contain CheC, a protein that resembles the flagellar motor protein FliM, yet has been shown to bind CheA in B. subtilis (43) . Thus, additional interactions with other chemotaxis proteins may also relate to the differences between the two families of CheA kinases.
CheB Binding to CheA in T. maritima. In E. coli, many of the CheY residues that interact with P2 are not conserved by the homologous response regulator domain of CheB (21), despite CheY and CheB having similar affinities for P2 (36) . This suggested that P2 binds CheB differently than CheY (21) . In support of an alternative binding mode for CheB, the structure of Salmonella typhymurium CheB revealed that the CheB catalytic domain blocks the surface of the CheB response regulator domain that corresponds to the CheY P2-binding site (44) . Phosphorylation of the CheB regulatory domain destabilizes this interaction with the catalytic domain and exposes the active site in a mechanism that could parallel release of P2 by phosphorylated CheY (35, 44, 45) . Interestingly, the response regulator domains of CheB proteins from both the E. coli and B. subtilis subfamilies conserve residues that are key for binding P2 in the orientation observed in the T. maritima complex. For example, the Asp-Phe sequence on the CheB equivalent of ␤5 is conserved by all CheB sequences, as are the aliphatic hydrophobic residues on ␣4 that are important for interaction with TP2 ␣1 (Fig. 2) (44) . Thus we tested, with ITC, the ability of full-length T. maritima CheB and its isolated N-terminal CheY-like regulatory domain to bind TP2 and full-length T. maritima CheA. Surprisingly, unlike EP2, which has an affinity for full-length CheB comparable to that for CheY (36) , no binding was observed between TP2 or full-length CheA with either full-length CheB or its regulatory domain alone (within the detection limit of ITC: K d Ͻ 1 mM). This suggests that either the interaction between T. maritima CheA and CheB may be solely mediated by phosphorylated P1 or the role of CheB in T. maritima chemotaxis is different from in E. coli.
Implications for the Evolution of Protein-Protein Interactions.
If protein A binds protein B, the homologs AЈ and BЈ usually conserve the A-B mode of interaction, as long as it is constrained by function. P2 may solely serve to increase the effective concentration of CheY in the vicinity of the P1 domain (24) . With the P2 domain removed, CheA can still phosphorylate P1, but the resulting reduction in phosphotransfer is likely to significantly affect chemotaxis (24) . Thus, the exact form of the P2-CheY complex may not matter, provided it renders the phospho-accepting Asp accessible to the P1 phospho-donor. Nevertheless, how the two CheA-CheY interactions diverged is puzzling because to maintain binding affinity, mutations on one partner must be matched by mutations in the other. Attached domains are not under such constraints. For example, the homologous transcription-factor response regulators DrrB and DrrD have evolved different contacts and juxtapositions between their regulatory and effector domains (46) , but domain (10) . Perhaps the robust nature of the chemotaxis system that insulates it against changes of individual parameters (48) allowed the divergence of the CheA-CheY interaction through states where binding was weakened.
On the other hand, the divergence of the CheA-CheY interaction could also derive from a divergence in mechanism of action. Varied binding modes for the cytokine receptors with their hormone ligands (e.g., growth hormone, erythropoietin, IFN-␥) allow specificity and tuning of cross talk between signaling pathways (49, 50) . These associations, although somewhat different among partners, involve similar surfaces on related proteins. More variation is seen in the homodimeric assemblies of the homologous chemokines IL-8 (PDB code: 3IL8) and MCP-1 (PDB code: 1DOM). In these proteins, structurally related subunits associate differently into homodimers and presumably enable different signaling properties (2) . Likewise, the SH2 and SH3 domains of signaling kinases interact with each other in three very different ways (9) . We do not know of another example like CheA and CheY where such a drastic change in assembly occurs between two partner proteins that have the same function in different organisms. It remains to be seen whether the two subclasses of P2-CheY complexes relate to the opposite effects of attractant on CheA activation in E. coli and B. subtilis.
The finding that interacting proteins may not necessarily conserve the mode of association found for their functionally equivalent homologs has important implications for predicting protein-protein interactions from patterns of residue conservation, gene organization, and known structures. Recent statistical analyses indicate that below 30-40% sequence identity, pairs of interacting proteins can show different assembly orientations (9) . The varied interactions of CheA and CheY provide a striking example of the potential pitfalls of extrapolating functional understanding from the structures of homologs when their sequence similarity is not high.
